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Magnetic and catalytic gold nanoparticles were electrodeposited
through potential pulse on dendrimer–carbon nanotube layer-by-
layer (LbL) ﬁlms. A plasmon absorption band at about 550 nm
revealed the presence of nanoscale gold in the ﬁlm. The location
of the Au nanoparticles in the ﬁlm was clearly observed by
selecting the magnetic force microscopy mode. To our knowledge,
this is the ﬁrst report on the electrochemical synthesis of magnetic
Au nanoparticles. In addition to the magnetic properties, the Au
nanoparticles also exhibited high catalytic activity towards
ethanol and glycerol oxidation in alkaline medium.
1. Introduction
Coinage metal nanoparticles are of paramount importance in
modern science and technology because their physicochemical
properties dramatically diﬀer from their bulk counterparts.1
In the nanometric regime, new properties emerge since the
degenerate energy levels split into discrete ones and the Fermi
wavelength of the electrons becomes comparable to the system
size. As an example, bulk gold is known to be shiny, yellow,
non-tarnishing and non-magnetic. In contrast, nanosized Au
appears red to the naked eye, exhibits excellent catalytic
properties2,3 and considerable magnetism.4,5 Preparation of
colloidal nanoparticles generally involves the use of a protecting
agent [e.g., poly(amido amine) (PAMAM)] to avoid nanoparticle
agglomeration and growth.
Although nanoparticles can be processed in the form of thin
ﬁlms using a number of manipulation techniques,6,7 an inter-
esting strategy is to electrogenerate metallic nanoparticles
directly in the inner structure of a thin ﬁlm. Carbon nanotubes
(CNTs), for example, can be manipulated as ultrathin ﬁlms
through the electrostatic layer-by-layer (LbL) technique,8–18
forming a high-surface and porous architecture,10–13 capable
of preventing excessive growth of the metal. We previously
showed19 that the interpenetrated porous structure of the LbL
ﬁlm allowed the formation of a thin cobalt ﬁlm, which was
highly active toward hydrogen peroxidase reduction.
In this study we show that the electrodeposition of gold on
PAMAM–CNT LbL ﬁlm generated Au nanoparticles with
magnetic and catalytic properties. Cyclic voltammetry was
employed to characterize the Au electrodeposition, ethanol,
and glycerol electro-oxidations. Magnetic force microscopy
(MFM) and atomic force microscopy (AFM) were used to
probe the magnetic domains and morphology of the ﬁlm,
respectively.
2. Experimental section
Carboxylic acid functionalised single-walled carbon nano-
tubes, G4 PAMAM dendrimer, gold chloride (30% wt in
HCl), sodium nitrate, ethanol and glycerol were purchased
from Aldrich Co. 5-bilayer PAMAM–CNT LbL ﬁlms were
fabricated by immersing an ITO substrate alternately into a
1.0 g L1-polycationic PAMAM (5 min) at pH 4 and a 10 mg/
10 mL-CNTs (10 min) at pH 8. Details of LbL ﬁlm preparation
and its complete characterization are found in ref. 12 and 13.
The 5-bilayer LbL ﬁlm served as a working electrode in a Teﬂon
electrochemical cell (geometric area: 0.3 cm2) with a Pt mesh
and Ag/AgCl (or RHE) as counter and reference electrodes,
respectively. The Teﬂon cell was clamped onto the LbL ﬁlm and
ﬁlled with 5 mmol L1 AuCl3 + 0.01 mol L
1 NaNO3 for
synthesizing the Au nanoparticles. After the synthesis, the
electrochemical cell was thoroughly rinsed with deionised water
and then ﬁlled with either ethanol or glycerol in 0.1 mol L1
NaOH for the electro-oxidation tests. All electrochemical
measurements were carried out with a DropSens microstat-200
potentiostat/galvanostat controlled by the Drop View software.
Optical absorption spectra of freshly prepared Au-electrodeposited
LbL ﬁlms were obtained at room temperature with a Shimadzu
(UV-3600)UV-vis spectrophotometer.Ex situAFM/MFM images
of the Au-modiﬁed PAMAM–CNT LbL ﬁlm were acquired at
room temperature with a Shimadzu scanning probe microscope
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(SPM-9600). The resolution in the vertical z-direction for topo-
graphic images is 0.01 nm. Tapping mode was used for sample
surface topography and lift mode for the magnetic phase.
3. Results and discussion
A cyclic voltammogram of Au electrodeposition at a scan rate of
50 mV s1 on 5-bilayer PAMAM–CNT LbL ﬁlm in 5 mmol L1
AuCl3 + 0.01 mol L
1 NaNO3 solution is depicted in
Fig. 1A. A monotonously rising cathodic current started at
around 0.55 V vs. Ag/AgCl with a broad peak at about 0.20 V
vs. Ag/AgCl as the electrode potential was swept from the
open circuit potential (0.8 V vs. Ag/AgCl) in the negative
direction. A current crossover in the reverse scan indicated a
nucleation-controlled process and no dissolution of the gold
electrodeposit was observed in that potential range. A freshly-
prepared 5-bilayer LbL ﬁlm was then assembled in the electro-
chemical cell and gold electrodeposition was potentiostatically
conducted for 1 s at the peak potential (0.2 V vs. Ag/AgCl).
The inset of Fig. 1A shows a photograph of the LbL ﬁlm after
gold electrodeposition. The pale-red round area suggests that
nanostructured gold has been deposited since Au in the
nanometric regime appears red to the naked eye. Fig. 1B
shows a UV-vis absorption spectrum of the LbL ﬁlm containing
the Au deposit. The Au nanoparticles had amaximum absorbance
band at around 550 nm, a value which agrees very well with
values in the literature (from 500 nm to 575 nm)1,20,21 for gold
nanoparticles.
Fig. 2A shows an AFM image of the 5-bilayer PAMAM–
CNT LbL ﬁlm containing the electrodeposited gold nano-
particles. As previously discussed,13 the interconnected CNTs are
randomly and homogeneously distributed into the dendrimer
layers over the entire ITO surface (some CNTs are indicated with
turquoise arrows) yielding a porous structure. Upon increasing
the number of bilayers13 PAMAM tends to agglomerate in the
ﬁlm, exhibiting large globular aggregates (over 100 nm in size).
An ampliﬁed region of the ﬁlm (Fig. 2B) revealed sphere-
shaped structures ranging from 20 nm to 100 nm that cannot
be undoubtedly assigned to Au nanoparticles. However, upon
selecting the MFM mode of operation (Fig. 2C), the magne-
tized tip probed only the magnetic domains (dark regions) that
can now be unambiguously ascribed to the gold nanoparticles.
The topographic signal can be neglected because the phase
MFM was recorded with a 30 nm lift from the sample’s
surface. Thus, interaction between the tip and magnetized
nanoparticles induces the contrast observed in this phase
MFM image. The dark and light areas are caused by attrac-
tion and repulsion, respectively, between the tip and magne-
tized Au nanoparticles.22 Dark areas ranging from 4 nm to
60 nm suggest that single as well as aggregated Au nano-
particles were obtained, respectively. Neither bare ITO nor
PAMAM–CNT LbL ﬁlm presented such magnetic contrast
when probed with MFM (see ESIw), which rules out magnetic
contributions from ITO and CNTs. Note that in the MFM
image (Fig. 2C), CNTs and globular PAMAM are no longer
visible. The Au nanoparticles are mainly located in the
PAMAM region since the latter contains amine groups that
are known to strongly interact with Au.
Bulk gold is weakly diamagnetic. However, a great variety
of magnetic phenomena have been found in polymer-capped
Au nanoparticles.23 The appearance of magnetic moments
in thiol-capped Au nanoparticles,24 for example, has been
suggested to be associated with the 5d localized holes created
by the covalent Au–S bonding between the surface Au atoms
and the capping S atoms. The strong aﬃnity between
these species results in redistribution of surface electrons, thus
Fig. 1 (A) Cyclic voltammogram of the PAMAM–CNT LbL ﬁlm in
5 mmol L1 AuCl3 + 0.01 mol L
1 NaNO3 solution. Scan rate =
50 mV s1. (B) UV-vis spectrum of the Au nanoparticles electro-
deposited on the PAMAM–CNT LbL ﬁlm for 1 s at 0.20 V vs. Ag/AgCl.
Inset: photograph of the LbL ﬁlm after gold electrodeposition.
Fig. 2 (A) AFM image of a 5-bilayer PAMAM–CNT LbL ﬁlm
containing the gold nanoparticles electrodeposited for 1 s at 0.20 V
vs. Ag/AgCl. (B) Ampliﬁed region of (A). (C) Corresponding MFM
image of (B).
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inducing hybridization between the 5d and 6s electrons.
Consequently, unoccupied 5d state densities are created in
the surface atoms of Au nanoparticles that generate ferromag-
netism. In our case, the strong interaction between PAMAM
amino groups and gold may have generated surface charge
redistribution, accounting for the magnetic contrast obtained
with MFM.
In addition to the magnetism, the Au nanoparticles were
also found to be catalytic. Fig. 3 shows cyclic voltammograms
of ethanol and glycerol electro-oxidations on the nanogold-
electrodeposited LbL ﬁlm in 0.1 mol L1 NaOH. In the case of
ethanol (Fig. 3A), anodic current peaks at 1.14 V and 0.94 V
(vs. RHE) assigned to alcohol oxidation and reactivation,
respectively, are only observable at an ethanol concentration
of 0.5 mol L1. At 0.1 mol L1 ethanol, only processes related
to gold oxide formation (anodic current density peak at 1.4 V
vs. RHE) and its subsequent reduction (cathodic current
density peak at 1.04 V vs. RHE) are probed. However, the
Au nanoparticles delivered high anodic current densities when
glycerol was used (the current densities are one order of
magnitude higher than those for ethanol). As ITO and CNTs
are not active for both alcohol electro-oxidations (data not
shown), the Au nanoparticles are responsible for the probed
current densities. Koper et al.25 reported that alcohols with
low pKa (such as glycerol and sugar alcohols) have higher
oxidation activity than high-pKa alcohols (such as ethanol and
isobutanol) on gold. When compared to platinum, gold is
much more active for alcohol oxidation in alkaline media,26
which is due to the resistance of gold toward the formation of
poisoning oxides. The combination of LbL ﬁlms and electro-
chemistry proved to be an excellent method to deliver quite
active gold nanoparticles.
4. Conclusions
We presented strong evidence that magnetic Au nanoparticles
can be produced on PAMAM–CNT LbL ﬁlms by electro-
chemical deposition. The nanometric regime of the Au parti-
cles was optically conﬁrmed by the SPR band at 550 nm.
AFM was unable to diﬀerentiate between PAMAM agglom-
erates and Au nanoparticles in the ﬁlm. In contrast, MFM
clearly revealed the position of the Au nanoparticles by
mapping the magnetic domains. Unlike SEM and TEM
techniques, the MFM oﬀers the possibility of directly probing
the electrode’s active area without any sample preparation,
preserving the integrity of the electrode for further experi-
ments. Moreover, the gold nanoparticles exhibited catalytic
properties toward ethanol and glycerol electro-oxidations. Our
results attest the versatility of the combination of hybrid
nanostructured LbL ﬁlm-based carbon nanotubes and electro-
chemistry methods in producing magnetic and catalytic metallic
nanoparticles.
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